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Oxidative stress is thought to playa critical role in aging 
and the pathogenesis of human disease. Molecular studies 
of both the physiologic function of oxidants and the 
deleterious consequences of exposure to oxidative stress 
have suggested that signal transduction cascades may be 
targeted by oxidants. Here, we review recent studies from 
this laboratory examining the molecular basis for the 
activation of mitogen-activated protein kinases by oxidat­
ive stress and the influence of these pathways on cellular 
fate. We examine the association between constitutive 
activation of extracellular signal-regulated kinase (ERK) 
and cancer, and discuss how such mechanisms may 
contribute to oxidant-induced skin carcinogenesis. We 
also address the relationship between a decline in activa­
tion ofthis same pathway and the aged phenotype. In this 
I
n an aerobic environment, exposure to reactive oxygen species 
(including molecular oxygen, superoxide, hydrogen peroxide, 
and hydroxyl radicals) is continuous and unavoidable. Aerobic 
organisms have accordingly developed enzymatic antioxidant 
defenses that afford protection from oxidant injury. Low 
molecular weight antioxidant molecules such as vitamins C and E 
directly squelch free radicals and thereby provide an additional, 
complementary defense mechanism. Oxidative stress, however, can 
result when the balance between antioxidant capacity and oxidant 
production/ exposure is disrupted. Reactive oxygen species can target all 
classes of biomolecules and therefore oxidative stress can result in 
damage to lipids, proteins, or DNA. In 1956, Harman (1956) proposed 
that the accumulation of these oxidatively modified molecules is a 
causative factor in aging and age-related degenerative diseases. Although 
still unproven, this tenet has been supported by a large body of 
epidemiologic and experimental findings over the past tour decades 
(for recent reviews, see Matsuo, 1994; Muscari et ai, 1996; Sohal and 
Weindruch, 1996; Guyton et ai, 1997). For example, aging has been 
associated with both an increase in free radical production and a decline 
in antioxidant defenses. Additionally, deficiencies in the repair or 
removal of oxidatively modified molecules have been observed with 
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regard, we review evidence that a decrease in activation 
of ERK by growth factor correlates with a reduced 
proliferative capacity in the isolated rat hepatocyte model, 
and we provide new data indicating that the activation 
of the ERK pathway in response to oxidant stimuli is 
also decreased with age. Further evidence demonstrates 
that this alteration is associated with both a reduced 
mitogenic response and a decline in hepatocyte cell 
survival in response to oxidative stress. Finally, we provide 
perspective on how modulations in ERK signaling may 
interplay with other changes in signal transduction cas­
cades in the aging process. Key words: aging/mitogen­
activated protein kinases. Journal of Investigative Dermatology 
Symposium Proceedings 3:23-27, 1998 
age. Moreover, dietary antioxidants can offer protection against some 
age-related degenerative changes. These data suggest that the cellular 
redox state is at risk for disruption via several mechanisms, which may 
together contribute to a loss of function with aging and the development 
of progressive diseases such as atherosclerosis and cancer. 
Insight into the age-related alterations that are mediated by oxidative 
stress has been provided by investigation, at the cellular level, of the 
consequences of exposure to reactive oxygen species . A critical aspect 
of these efforts has been the study of the molecular mechanisms through 
which oxidants are generated and function. Comparisons among studies 
in a number of species, including cultured mammalian cells, yeast, 
and bacteria, have suggested commonalities in the mechanisms for 
responding to oxidant injury. Moreover, these efforts indicate that 
redox mechanisms have been widely adapted to function in the control 
of numerous cellular metabolic and regulatory processes . These redox­
sensitive processes are vulnerable to disruption by exposure to oxidative 
stress, which may indeed be heightened during the aging process. 
MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) 
ACTIVATION BY OXIDATIVE STRESS: CELLULAR 
CONSEQUENCES 
Several recent studies have suggested that signal transduction cascades 
may be particularly sensitive to modulation during alterations of the 
redox status. These cascades function in the transmission of extracellular 
signals to the nucleus by way of a series of stepwise phosphorylation 
events that result in the activation of nuclear transcription factors . 
Activated factors then serve to bind to promoter elements and activate 
transcription of target genes, the protein products of which mediate 
the cellular response to oxidative stress. Oxidants have been shown to 
enhance the expression of diverse genes, particularly those involved in 
1087-0024/98/$10.50 • Copyright © 1998 by The Society for Investigative Dermatology, Inc. 
23 
24 GUYTON BT AL 
antioxidant defenses. The expression of a number of both stress­
response genes, such as GADD153 (Guyton e/ aI, 1996c, d), and cell­
cycle related genes, such as p21 (Russo et aI, 1995; Esposito et aI, 
1997), is also altered following oxidant exposure. Although oxidants 
can elicit such changes in gene expression through other means, such 
as the direct oxidation of transcription factors (reviewed in Pahl and 
Baeuerle, 1994; Baeuerle e/ aI, 1996; Meyer et ai, 1994), activation of 
signal transduction molecules may indeed be a primary mechanism 
through which the cellular response to oxidant injury is controlled . 
Although the multiple, distinct signal transduction pathways are thought 
to function in regulating the response to oxidative stress, our studies 
have concentrated on the activation of MAPK cascade by oxidants. 
MAPK signaling is critical to the transduction of a wide variety of 
extracellular stimuli into intracellular events (reviewed in Seger and 
Kreb, 1995). At least three distinct MAPK exist: extracellular signal­
regulated kinase (ERK), c-Jun-N-terminal kinase (JNK), and 38 kDa 
MAPK-related protein . These MAPK family members are thought 
to interplay in the control of cellular events such as proliferation, 
differentiation, and apoptosis in response to external signals. Many 
studies have demonstrated that the lNK and 38 kDa MAPK-related 
protein MAPK family members are highly activated in response to 
most stress signals, and hence they are also referred to as stress-activated 
protein kinases. The ERK cascade, on the other hand, is predominantly 
activated in response to mitogenic stimuli. Although this evidence 
suggests that the stress-activated (JNK and 38-kDa MAPK-related 
protein) and mitogen-activated (ERK) MAPK exert opposing influ­
ences on cell survival, considerable overlap and cross-talk exists among 
the MAPK members and the upstream components that serve to 
activate them. In support of this view, stress signals such as short­
wavelength ultraviolet light do significantly activate ERK (although 
the magnitude of activation is less than that observed for JNK) and 
indeed have been shown to utilize the same signaling pathways for 
ERK activation as do mitogens (Sachsenmaier e/ aI, 1994) . Signal 
transduction through the ERK cascade is initiated by growth factor 
receptor activation, and entails the sequential activation of the small 
GTP-binding protein Ras and the serine kinase Ra£ Raf then 
phosphorylates and thereby activates the threonine/tyrosine dual speci­
ficity kinase MAPK kinase (MEK) , which directly activates ERK. 
ERK activation culminates in activation of downstream cytosolic and 
nuclear factors that control a variety of cellular processes. 
Interestingly, several studies have shown that antioxidants can inhibit 
ERK activation by short-wavelength ultraviolet light, indicating that 
oxidative stress is important in initiating the response. Additionally, 
endogenous oxidants may function in the transmission of growth factor 
activation of ERK (Schieven et ai, 1994; Sundaresan et aI, 1995) . We 
recently demonstrated that exogenous hydrogen peroxide can potently 
activate the ERK cascade at concentrations of1(}-200 �M in a number 
of established cell lines and primary cultures (Guyton et aI, 1996b). 
Interestingly, the magnitude of the activation of this signal transduction 
cascade by hydrogen peroxide was in keeping with that observed in 
response to mitogenic stimuli. Further, unlike other stresses we have 
studied , peroxides appear to predominantly activate ERK rather than 
JNK. We found that ERK activation could be blocked by the growth 
factor receptor antagonist suramin (Guyton et aI, 1996b), whereas 
overexpression of tyrosine kinase receptors in PC12 cells engendered 
a greater ERK activation in response to hydrogen peroxide (Guyton 
et ai, 1997). That ERK activation by hydrogen peroxide was also 
reliant on Ras (Guyton e/ ai, 1996b) further highlights the overlap 
between the pathways for oxidative stress and normal physiologic 
signals. The antioxidants N-acetyl-cysteine and mannitol and the iron 
chelator o-phenanthroline could abolish ERK activation by hydrogen 
peroxide, indicating that metal-catalyzed free radical formation mediates 
the initiation of signal transduction by hydrogen peroxide. Other types 
of oxidants can also activate the ERK cascade. For example, the 
sulfhydryl reagent sodium arsenite stimulates ERK activation, and N­
acetyl-cysteine can block this activation. Activation ofERK by arsenite 
could also be inhibited by suramin or by expression of dominant­
negative Ras (Liu et ai, 1996b). 
What are the cellular consequences of ERK activation in response 
to oxidative stress? Cellular outcome following exposure to oxidants 
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Figure 1. The ERR. pathway contributes to the cellular response to 
oxidative stress. The ERK cascade can be initiated at cell-surface receptors 
and is mediated by the sequential activation of Ras, RaE, MEK, and ERK. 
Inhibition of the ERK pathway at anyone of these sites can enhance toxicity, 
whereas potentiation of this cascade diminishes cell loss, following oxidant injury. 
was markedly affected by modulation of the pathway to ERK activation 
(Fig 1). In particular, expression of dominant-negative Ras in PC12 
cells and kinase-defective MEK in NIH 3T3 cells enhanced sensitivity 
to oxidative stress, whereas a constitutively active MEK variant 
engendered resistance. Likewise, pretreatment with suramin or the 
MEK inhibitor PD098059 (both of which block ERK activation) 
potentiated oxidant-induced cytotoxicity. These findings indicate that 
elevated ERK activity favors cellular survival following oxidant injury. 
More recently, we have obtained evidence to suggest that modulation 
of JNK also alters the cellular response to oxidant injury in a direction 
opposing ERK (Wang et aI, 1998). Whereas many cell types do not 
exhibit a pronounced, early activation of JNK following oxidant 
stimulation, 600 IlM hydrogen peroxide treatment of He La cells results 
in a marked activation of JNK that peaks within 3 h of exposure and 
endures for at least 12 h thereafter. Sustained activation of lNK 
correlates with the induction of apoptosis in this cell line, and the 
apoptotic response was accordingly modulated when signaling through 
JNK was heightened or attenuated. In particular, we found that 
expression of a dominant-negative form of the immediate upstream 
activator of lNK, SEK1, pro tected HeLa cells from apoptotic death 
following exposure to hydrogen peroxide . On the other hand, over­
expression of wild-type SEK1 enhanced apoptotic death stimulated by 
hydrogen peroxide (Wang et aI, unpublished observations) . Taken 
together, our findings support a critical role for the MAPK cascades 
in de termining the cellular response to oxidant injury, and suggest that 
shifts in the balance between ERK and JNK activities can have 
significant consequences for cellular survival. 
THE ROLE OF THE ERK PATHWAY IN SKIN TUMOR 
PROMOTION BY OXIDANTS 
The activation of the MAPK cascade, and that of ERK in particular, 
in response to oxidant injury is likely to have direct relevance to the 
carcinogenic process. The ERK pathway components Ras, RaE, and 
MEK have demonstrated oncogenic potential in vitro (reviewed in 
Boulikas, 1995). Furthermore, constitutive elevation of ERK activity 
has been found in human renal cell carcinoma (Oka et ai, 1995); 
activation and hyperexpression ofERK was also observed in carcinoma, 
but not in benign conditions, of the breast (Johnson et ai, 1997; 
Sivaraman et ai, 1997). Therefore , alterations in MAPK signaling are 
clearly implicated in the carcinogenic process. To investigate the 
hypothesis that the ERK pathway participates in tumor promotion by 
oxidative stress, we recently explored the ability of 2,6-di-tert-butyl-
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Figure 2. Differential activation of ERR by hydrogen peroxide in 
hepatocytes isolated from young and old rats. Following overnight 
incubation in medium containing 0.5% fetal bovine serum, cells were treated 
by direct addition of the indicated concentrations of hydrogen peroxide and 
harvested 10 min later. ERK2 kinase activity was assessed by immune complex 
kinase assay using myelin basic protein as a snbstrate (Guyton et ai, 1996b). 
Data are expressed as fold induction over controls. . , Hepatocytes from 6 mo 
old rats; �, hepatocytes from 24 mo old rats. 
4-hydroperoxyl-4-methyl-2,5-cyc1ohexadienone (BHTOOH) to 
stimulate this signal transduction pathway (Guyton et ai, 1997). An 
oxidative metabolite of the antioxidant food additive BHT, the skin 
tumor promoter BHTOOH has considerable propensity for generating 
free radical and electrophilic reactive intermediates (Taffe et ai, 1987; 
Taffe and Kensler, 1988; Guyton et aI, 1991). BHTOOH has therefore 
been utilized to investigate the role of oxidative intermediates in the 
tumor promotion process. Following in vivo exposure to BHTOOH, 
a rapid and potent rise in ERK activity ensued in mous e skin. Likewise, 
BHTOOH stimulated a dramatic activation ofERK in cultured mouse 
keratinocytes that could be inhibited by blocking reactive intermediate 
formation. Indeed, structure-activity analyses indicated that activation 
of ERK is reliant on the metabo.usm of BHTOOH to the same 
quinone methide derivative that mediates skin tumor promotion by 
this agent (Guyton et ai, 1991). Thus, these studies provide a strong 
correlation between activation of ERK and the biologic process of 
tumor promotion. Further studies examining the impact of inhibition 
of the ERK pathway on tumor promotion are required to assess whether 
ERK activation plays an essential role in this process . Nonetheless, these 
fmdings suggest a functional role for ERK activation in tumor 
promotion and provide insight into the molecular targets of oxidants 
and other tumor promoters. 
The mechanism whereby nonphorbol tumor promoters elicit tumor 
growth remains, in most cases, to be elucidated. Such agents may 
directly stimulate mitogenesis in the initiated cell. In support of this 
view, there appears to be significant overlap between the pathway for 
ERK activation by BHTOOH and the pathway for ERK activation 
by mitogens, suggesting that this and other tumor promoters may 
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Figure 3. MAPK activation by heat shock in isolated rat hepatocytes. 
Mter overnight incnbation in medium containing 0.5% fetal bovine serum, 
hepatocytes were exposed to 42°C for 30 min. MAPK activity was assessed by 
immune complex kinase assay using either myelin basic protein (ERK) or a 
GST-c-Jun fragment (JNK) as a substrate (Liu et ai, 1996a). Data are expressed 
as mean :!: SD of three separate experiments. 
target signaling molecules in the ERK cascade and thereby usurp 
control of the normal proliferative response. How, though, do tumor 
promoters selectively stimulate growth in the initiated cell population? 
Interestingly, the cytotoxicity of BHTOOH in cultured keratinocytes 
and the toxicity of BHT in its target tissues is mediated by the same 
quinone methide derivative as is tumor promotion by BHTOOH in 
the mouse skin (Takahashi, 1988; Witschi et ai, 1989; Bolton et ai, 
1990; Guyton et ai, 1993). Selective toxicity or growth inhibition in 
the noninitiated population may interplay with mitogenic stimulation 
of initiated cells in tumor promotion mediated by BHT and BHTOOH. 
That constitutive activation of the ERK cascade attenuated cytotoxicity 
in response to BHTOOH (see Fig 1) suggests that alterations in the 
ERK cascade, such as may frequently arise in the carcinogenic process 
(Boulikas, 1995), may provide one mechanism for the altered resp onse 
of initiated cells to tumor promoting agents. 
DECLINE IN MITOGEN-STIMULATED ERK ACTIVATION 
WITH AGE 
The aging process is associated with a number of phenotypic changes. 
A decline in the proliferative potential, observed in senescent cells and 
during in vivo aging, is among the most prominent of age-related 
changes. Liver regeneration following partial hepatectomy has provided 
a useful model in which to examine the molecular basis of this loss in 
function . In response to partial hepatectomy, aged rats exhibit a reduced 
and delayed stimulation of DNA synthesis compared with that occuring 
in young animals (Bucher et ai, 1964). In keeping with this fmding, 
stimulation of DNA synthesis by epidermal growth factor in primary 
hepatocyte cultures is also reduced with age in rats (Ishigami et aI, 
1993) . Recently, we demonstrated that epidermal growth factor­
stimulated activation of ERK is significantly decreased in hepatocytes 
isolated from aged rats (Liu et ai, 1996a). Induction of c10s and c-jun 
mRNA was also found to be diminished in this study, as was AP-l 
DNA-binding activity in aged hepatocytes stimulated with epidermal 
growth factor. These findings suggest that mitogen-stimulated signal 
transduction through the ERK cascade is reduced with age. Such an 
alte ration could result from reduced activity of one or several molecules 
upstream ofERK, such as Ras, Raf, or MEK. A n additional mechanism 
for regulating ERK is by its direct, enzymatic dephosphorylation by 
phosphatases. MAPK-phosphatase 1 represents one such enzyme that 
can serve to directly modulate the activity ofERK. That basal mRNA 
expression ofMAPK-phosphatase 1 was elevated in hepatocytes isolated 
from aged animals (Liu et aI, 1996a) suggests that alterations in the 
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Figure 4. Effect of sodiwn arsenite treatment on hepatocyte cell 
nwnber. Mter overnight incubation in medium containing 0.5% fetal bovine 
serum, hepatocytes were exposed to the indicated concentrations of sodium 
arsenite in 96 well plates. Twenty-four hours after exposure, cells were 
stained with crystal violet for assessment of cell number using a microplate 
spectrophotometer system as described (Guyton et ai, 1996b). j, Hepatocytes 
from 6 mo old rats; u, hepatocytes from 24 mo old rats. Data are expressed as 
mean ± SD of eight measurements. 
balance of activating and inactivating influences on ERK may be 
disrupted during the aging process. 
AGE-RELATED ALTERATIONS IN ERK ACTIVATION BY 
OXIDANTS 
The observed decline in mitogen-stimulated ERK activation with age 
in isolated hepatocytes prompted us to investigate whether ERK 
activation by other stimuli would also be altered with age . In particular, 
we hypothesized that stress-stimulated ERK activation would be 
diminished in aged hepatocytes. As shown in Fig 2, hydrogen peroxide 
(50-200 �) stimulated a prominent activation ofERK in hepatocytes 
isolated from young animals, whereas aged hepatocytes showed a 
significandy reduced ERK response. We also investigated the activation 
of the MAPK family member ]NK by hydrogen peroxide in these 
same cells . Although]NK is highly activated by a number of stress 
stimuli, its activation by hydrogen peroxide is minimal in most cell 
types . In keeping with this,]NK activation was not significandy altered 
by hydrogen peroxide treatment of primary hepatocyte cultures (data 
not shown). We have also previously demonstrated that the minimal 
activation of ]NK by mitogen stimulation of isolated hepatocytes is 
not altered with age (Liu et ai, 1996a). 
To determine ifERK activation in aged hepatocytes would likewise 
be reduced in response to other stress stimuli, we exposed hepatocytes 
to mild heat stress (42°C for 30 min), whereupon ERK and ]NK 
activation was assessed (Fig 3).]NK was activated 3- to 4-fold by heat 
stress in hepatocytes from either young or old rats. By contrast, aged 
hepatocytes showed a significant reduction in heat-induced ERK 
activation. This finding is particularly intriguing because induction of 
heat shock proteins by heat stress is known to be reduced in these 
same cells (reviewed in Richardson and Holbrook, 1996). We have 
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Figure 5. Hydrogen peroxide treatment differentially affects cell cycle 
distribution in hepatocytes isolated from young and aged rats. Following 
overnight incubation in medium containing 0.5% fetal bovine serum, 
hepatocytes were treated with the indicated concentrations of hydrogen 
peroxide. Twenty-four hours after exposure, cells were harvested, fixed in 
ethanol, stained with propidium iodide, and subjected to fluorescence-activated 
cell sorting analysis using a flow cytometer as described in Gorospe et al (1996). 
j, Hepatocytes from 6 mo old rats; u, hepatocytes from 24 mo old rats. 
also found that the significant activation of]NK by the sulfhydryl 
reagent sodium arsenite is comparable in hepatocytes isolated from 
either young or old rats. By contrast, the activation of ERK by 
treatment with sodium arsenite is significandy diminished in hepatocytes 
isolated from aged animals (Guyton et ai, 1997). 
Are there age-related changes in cellular outcome following exposure 
to oxidative stress in this model? To address this issue, we determined 
cell number 24 h after oxidant exposure, and Fig 4 shows the results 
for sodium arsenite. In young cells, arsenite stimulated a slight increase 
in cell number at low concentrations . This result is in keeping with 
the commonalities between oxidant and mitogen signaling, and the 
known proliferative capacity of low-concentration oxidant exposure. 
At higher concentrations of arsenite, however, cell number declined. 
This arsenite-induced loss in cell number is exacerbated in aged 
hepatocytes , whereas the proliferative response observed at low concen­
trations is reduced. Comparable results were found upon treatment of 
hepatocytes with other oxidants that also activate ERK, including 
hydrogen peroxide and BHTOOH (data not shown). To further 
characterize the proliferative response of hepatocytes stimulated with 
oxidants, analyses of cell-cycle distribution were performed 24 h after 
oxidant treatment. In keeping with the modest elevation in cell number 
observed at low oxidant concentrations, hydrogen peroxide stimulated 
a comparable increase in the number of cells in the S phase of the cell 
cycle (Fig 5). Hepatocytes isolated from aged rats, however, did not 
undergo S-phase enrichment following low-dose hydrogen peroxide 
treatment. These data indicate that attenuation of ERK activation is 
associated with both a decreased tolerance and a reduced proliferative 
capacity following oxidant exposure. 
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SUMMARY AND PERSPECTIVES 
To summarize, studies of the activation of the MAPK by oxidative 
stress have suggested commonalities in the activation of ERK by 
mitogens and oxidative stimuli. Just as mitogenic signaling begins at 
the cell surface, exogenous oxidants can trigger initiation of the ERK 
cascade by directly stimulating receptor tyrosine kinase activation. 
Oxidants may also activate the MAPK cascades indirectly, such as by 
targeting critical sulfhydryl moieties at the active site of phosphatases 
that are responsible for dephosphorylation and deactivation of MAPK. 
Other intracellular targets that control signal transduction cascades may 
also be vulnerable to direct oxidation during exposure to exogenous 
oxidants, or when the intracellular redox state is otherwise deregulated . 
Through these various subtle alterations, oxidants can effectively and 
significantly impact critical signal transduction cascades. That ERK 
activation can be achieved by a variety of agents that elicit an oxidative 
response, and that this activation occurs in all tested cell types and 
in vivo, implies that such mechanisms play a pivotal role in the 
pathogenesis of oxidative stress. 
The observed attenuation of ERK activation by oxidants in aged 
hepatocytes is in keeping with the age-related decline in capacity to 
respond to both proliferative and stress stimuli. Numerous studies have 
demonstrated that the aging process is associated with alterations in 
the response to stress stimuli such as oxidative stress. Indeed, there is 
a general decline in resistance to stress with age. Furthermore , enhanced 
stress tolerance is associated with longevity in lower organisms. Signi­
ficant evidence suggests that these alterations are reflected in changes 
in the molecular control of the cellular stress response during the aging 
process. Perhaps the best documented of these changes is the age­
related decline in heat shock protein induction, observed in a number 
of cell types including isolated rat hepatocytes . This atrenuation of heat 
shock protein expression with age has likewise been observed in intact 
animals subjected to hyperthermia or immobilization stress (reviewed 
in Richardson and Holbrook, 1996) . The froding that ERK activation 
by heat shock is also reduced with age supports the view that age­
related alterations in multiple components of the cellular stress response 
contribute to the aged phenotype. 
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